Introduction
The photosystem II reaction center proteins D 1 and D 2 carry the pigments which are necessary for the primary charge separation. At the secondary quinone acceptor site QB photosystem II inhibitors and herbicides can compete with the native plastoquinone for binding which eventually leads to a blockage of photosynthetic electron flow. The QBbinding site is associated with the D 1 protein and, hence, the D 1 protein has been formerly called the "herbicide-binding protein" [1] [2] [3] . The herbicidebinding protein has been originally identified by the photoaffinity labeling technique. Pfister et al. [4] demonstrated that the azido-analogue of the 5-triazine herbicide atrazine binds to a protein of the approx. molecular weight of 32 kDa. Further more, these authors also reported that azido-atrazine did not bind to thylakoids isolated from the atrazine-resistant weed Amaranthus hybridus. The reason for this altered binding behaviour was found to be a mutation of Ser264 > Gly in the D 1 protein [5] . In this way, Ser264 was identified as the first amino acid in the D 1 protein which partici- pates in herbicide binding. Subsequently, by chem ically induced mutagenesis and site-directed muta genesis in algae a variety of single and multiple D 1 mutants have been generated (for review, see [6] ). They allowed the mapping of the herbicide-binding region of the D 1 protein, which ranges from Phe21I to Leu275.
The above mentioned D 1 mutants exhibit resist ance against certain classes of herbicides, like s-triazines, triazinones or ureas. However, they show an increased sensitivity against other types of herbicides. This supersensitivity or negative cross resistance has been demonstrated first for the D 1 Ser264 mutant.
In this mutant some phenolic herbicides like dinoseb, dinoterb or ioxynil exhibit p /50-values which are about one order of magnitude higher than in the wild type; i.e. the R/S-value (ratio of ho -value resistant versus susceptible) is <1 [7, 8] . This has led Trebst [2] to a grouping of the "classi cal" herbicides like triazines, triazinones or ureas into the "Ser264-family" and the phenolic herbi cides into the "His215-family", according to their preferential binding orientation within the QBniche.
Negative cross resistance has also been found for certain triazinones in the Ser264 > Ala, Ala251 > Val, Phe255 > Tyr, and Leu275 > Phe Chlamydo monas reinhardtii mutants [9, 10] , for ketonitriles in the same mutants [11] and in the Phe255 > Tyr mutant for some ureas [11] , Negative cross resist ance indicates that the parent amino acid in the wild type strain does not interact with the inhibitor and does not participate in binding. Contrary, re sistance points out that the corresponding amino acid is involved in inhibitor binding and that the decreased inhibitory activity results from a loss of a strong bond, presumably a hydrogen bond. R/Svalues derived from different mutants can serve, therefore, as a tool to probe the orientation of a certain compound within the QB-binding niche.
We wish to report here on the orientation of acridones, xanthones and quinones in the photo system II QB-binding niche. Acridones have been found most recently to be efficient inhibitors of electron transport through photosystem II [12] and the mitochondrial respiratory chain [13] . They exhibit negative cross resistance in the Phe255 mu tant only and, thus, are distinct from either the triazine type or phenolic herbicides. Xanthones have not been described as photosystem II inhibi tors so far. 1,4-Benzo-and naphthoquinones show negative cross resistance in the Ser264 mutant. This supersensitivity, as expressed by the R/S ratio, can be as low as 0.003 for DBMIB, which means a 300-fold increase in inhibitory activity. To our knowl edge, this is the lowest R/S ratio reported so far.
Materials and Methods
The synthesis of the acridones is described in [13] , of the xanthones in [14, 15] , of the 1,4-benzoquinones in [16] and of the 1,4-naphthoquinones in [17] .
Mutants of Chlamydomonas reinhardtii (MZ 1, MZ2, and MZ4) were obtained and grown as de scribed recently [11] . Strains Ar207 and D r2 were originally isolated by Galloway and Mets [18] and were kindly provided by Dr. J. D. Rochaix, Uni versity of Geneva, Switzerland. Strain N N P 1 (Asn266 > Thr) was a generous gift by Dr. E. Przibilla [19] .
Thylakoids from spinach and Chlamydomonas reinhardtii wild type and mutant lines were isolated and assayed for photosystem II activity (DCIP re duction with water as electron donor) in the pres ence of inhibitors according to previously estab lished protocols [11, 20] , Trypsination of spinach thylakoids was performed as described in [21] . The antibody against the spinach D 1 protein was kind ly supplied by Dr. U. Johanningmeier [22] . Immunoblots were performed as previously reported [23] .
Results and Discussion

Acridones
We have recently reported on the inhibitory ac tivity of a few acridones on photosystem II elec tron transport in thylakoids from spinach [12] . p /50-values of these acridones together with some of newly synthesized ones in the Chlamydomonas system are listed in Table I . It is evident that acri dones substituted by four strongly electron with drawing substituents, like nitro or halogen, are efficient inhibitors. The best ones are bromo-trinitro-acridones, where the 4-isomer (p/50-value 7.28) is more active than the 2-isomer (p/50-value 6.52). Table I membrane, which indicates that acridones are QB site inhibitors [12] . However, this does not allow for discrimination of the acridones as "classical" or phenolic type herbicides. In this respect, more information can be gained by trypsination experiments. It has been demon strated that ureas or s-triazines can inhibit photo system II electron transport to a much lesser extent in trypsinated thylakoids as compared to an un treated control [21] . This is shown in Fig. 1 for atrazine and diuron, where the residual electron transport rate after trypsin treatment is much higher as compared to an untreated control. Con trary, inhibition of photosystem II electron trans port is not affected after trypsination in the pres ence of 2,4-dichloro-5,7-dinitro-acridone (No. 9, Table I ) (Fig. 1) . Therefore, the acridones do not behave like "classical" herbicides. This notion is further corroborated by a direct analysis of the D 1 content of thylakoids after trypsination in the presence and absence of acridones. (Fig. 2, lanes 3 , 4, and 5, respectively) because the amount of the D 1 protein is similar to that of lane 2. However, 2 |im diuron exerts a protective effect (Fig. 2 , lane 6) [21] . Note the 9 kDa trypsination fragment of the D 1 protein, detectable by the antibody, in lanes 2 to 5. A more detailed insight into the orientation of herbicides can be gained by studies with herbicideresistant mutants. This is demonstrated for acri dones in Table I for the MZ2 mutant (Ala25I > Val), where the in crease in bulk is even greater. Similarily, the acridones in the Ar207 + mutant (Phe255 > Tyr) show R/S-values which are around 1 or below. There fore, the increase in bulk caused by the additional hydroxyl group does not lead to a decreased bind ing. Contrary, an additional hydrogen bond may be formed between the acridone and the Tyr hy droxyl group which facilitates binding. For most acridones resistance can be observed in the MZ 1 mutant (Ser264 > Ala). However, this resistance is much less pronounced as observed for s-triazines or triazinones, where it amounts to several orders of magnitude [8] . Consequently, the hydrogen bond to the serine hydroxyl group does not play a crucial role for the binding of acridones. Replace ment of Leu275 > Phe in the M Z4 mutant also leads to a slight resistance, but also to supersensi tivity in some cases. For all acridones tested so far, negative cross resistance is observed in the N N P 1 mutant (Asn266 > Thr). In this case, an additional hydrogen group may be formed between the threo nine hydroxyl group and the acridone, which sta bilizes the binding. In conclusion, no really dra matic effects on acridone binding are observed in the various mutants. Furthermore, acridones in re spect to their properties in the mutants cannot be regarded as a homogeneous group, because the R/S-values depend on the substitution pattern.
4-Hydroxy-acridone displaces [14C]atrazine and [14C]ioxynil competitively from the thylakoid
Xanthones
Xanthones (xanthen-9-ones) have not been de scribed as photosystem II inhibitors so far. They can be visualized as acridones, where the imino group in the central ring is replaced by an oxygen bridge. Like the acridones, xanthones are efficient inhibitors if they are substituted by strongly elec tron withdrawing substituents (Table II) . 2,7-Dibromo-4,5-dinitro-xanthone (No. 8, Table II) is the most potent xanthone inhibitor (p/50-value 6.31). In the R/S-pattern of xanthones (Table II) no general tendency can be recognized. In some mutant strains they exhibit slight resistance but also some negative cross resistance. In most cases, the R/S-values are close to unity. It can be con cluded that the xanthones like the acridones do not have strong interactions with any of the amino acids which are replaced in the mutants.
Quinones
Like acridones and xanthones, benzo-and naphthoquinones do not exhibit a homogeneous pattern in respect to their R/S-values (Tables III  and IV , Fig. 4 ). However, one striking feature is immediately evident. In the MZ 1 mutant (Ser264 > Ala) all quinones tested so far show extreme nega tive cross resistance, which reaches up to almost three orders of magnitude, for example DBMIB (No. 3, Table III ). DBMIB is an inhibitor of the cytochrome b j f -complex [24] and with a p/50-value of 4.70 (Table III) is only a weak photosystem II inhibitor. In the Ser264 > Ala mutant its p /50-value is raised to 7.18 and it becomes a powerful photo system II inhibitor in this mutant. Negative cross resistance in the Ser264 mutant has so far been re ported for phenolic herbicides and some cyano acrylates and triazinones [8, 9, 11] . For s-triazines and some triazinones the hydrogen bond between serine hydroxyl and a nitrogen within the s-triazine or triazinone moiety plays a crucial role. If Table II this hydrogen bond is lost in the Ser264 > Ala mu tant, the result is a complete loss of specific bind ing and a R/S-value which may be as high as more than three orders of magnitude [8] , Consequently, quinone inhibitors though resembling in their structure the native plastoquinone Q B occupant do not form a hydrogen bond to Ser264. In this respect, quinones can be grouped into the "His215-family". As already stressed, quinones in their R/S-pattern cannot be considered as a homogeneous group. This is clearly evident by comparison of DBMIB (Table III As already stressed, all naphthoquinones dis play supersensitivity in the Ser264 mutant. How ever, in all other mutants the individual naphtho quinones exhibit either resistance or supersensitivi ty, though the R/S-values are always close to unity. It will be beyond the scope of this paper to analyze all compounds in detail. Obviously, steric interactions will be responsible in most cases and molecular modelling studies will lead to a clearer picture in the future.
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